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ABSTRACT

Human T-cell leukemia virus type 1 (HTLV-1) is a retrovirus, and, as such, its genome becomes chromosomally integrated fol-
lowing infection. The resulting provirus contains identical 5" and 3’ peripheral long terminal repeats (LTRs) containing bidirec-
tional promoters. Antisense transcription from the 3’ LTR regulates expression of a single gene, hbz, while sense transcription
from the 5" LTR controls expression of all other viral genes, including tax. Both the HBZ and Tax proteins are implicated in the
development of adult T-cell leukemia (ATL), a T-cell malignancy caused by HTLV-1 infection. However, these proteins appear to
harbor opposing molecular functions, indicating that they may act independently and at different time points prior to leukemo-
genesis. Here, we used bidirectional reporter constructs to test whether transcriptional interference serves as a mechanism that
inhibits simultaneous expression of Tax and HBZ. We found that sense transcription did not interfere with antisense transcrip-
tion from the 3’ LTR and vice versa, even with strong transcription emanating from the opposing direction. Therefore, bidirec-
tional transcription across the provirus might not restrict hbz or tax expression. Single-cell analyses revealed that antisense tran-
scription predominates in the absence of Tax, which transactivates viral sense transcription. Interestingly, a population of Tax-
expressing cells exhibited antisense but not activated sense transcription. Consistent with the ability of Tax to induce cell cycle
arrest, this population was arrested in G,/G, phase. These results imply that cell cycle arrest inhibits Tax-mediated activation of
sense transcription without affecting antisense transcription, which may be important for long-term viral latency.

IMPORTANCE

The chromosomally integrated form of the retrovirus human T-cell leukemia virus type 1 (HTLV-1) contains identical DNA se-
quences, known as long terminal repeats (LTRs), at its 5" and 3’ ends. The LTRs modulate transcription in both forward (sense)
and reverse (antisense) directions. We found that sense transcription from the 5" LTR does not interfere with antisense tran-
scription from the 3’ LTR, allowing viral genes encoded on opposite DNA strands to be simultaneously transcribed. Two such
genes are tax and hbz, and while they are thought to function at different times during the course of infection to promote leuke-
mogenesis of infected T cells, our results indicate that they can be simultaneously transcribed. We also found that the ability of
Tax to induce cell cycle arrest inhibits its fundamental function of activating viral sense transcription but does not affect anti-
sense transcription. This regulatory mechanism may be important for long-term HTLV-1 infection.

Retroviruses express their proviral genome by taking advantage
of the host cell transcription machinery. Following reverse
transcription and integration within the infected cell genome, the
5" and 3’ flanking regions of provirus comprise identical regions,
termed long terminal repeats (LTRs) (1). Recent studies have
shown that LTRs contain bidirectional promoters that are able to
initiate transcription in both the sense and antisense orientations
(2—4). With respect to expression of viral genes, a promoter within
the 5" LTR of the provirus regulates sense transcription and, there-
fore, production of the viral gene products necessary for viral par-
ticle synthesis (gag, pro, pol, and env) as well as regulatory and
accessory genes (5). For all human T-cell leukemia virus (HTLV)
family members (6-15), as well as for the human immunodefi-
ciency virus type 1 (HIV-1) (16-18), a separate promoter or pro-
moters within the 3" LTR regulate antisense transcription. In all
five of these viruses, the antisense transcripts are translated into
proteins (7, 8, 14, 15, 19).

For HTLV type 1 (HTLV-1), the protein produced by the sin-
gle antisense gene, HTLV-1 basic leucine zipper bZIP factor
(HBZ), opposes many of the functions of the HTLV-1 regulatory
protein, Tax, whose gene is encoded on the sense strand. For ex-
ample, Tax activates transcription from the 5" LTR promoter
through formation of complexes with cellular bZIP factors in the
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ATF/CREB family and the coactivator p300/CBP (20), while HBZ
represses transcription by binding to and sequestering these cel-
lular proteins away from the viral promoter (7, 21, 22). In addi-
tion, Tax constitutively activates NF-kB signaling, which can in-
duce cellular senescence (23, 24), whereas HBZ blocks this effect
by inhibiting canonical NF-kB signaling (25-27). Also, Tax and
HBZ have opposing effects on AP-1, nuclear factor of activated T
cells (NFAT), and transforming growth factor  (TGF-) signal-
ing (28).

Despite these divergent molecular functions, both Tax and
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HBZ appear to contribute to certain pathological effects that arise
from HTLV-1 infection. One of the main diseases caused by
HTLV-1 is a rare and fatal malignancy known as adult T-cell leu-
kemia (ATL) that is characterized by the uncontrolled prolifera-
tion of often highly invasive CD4™ T cells (29). Tax and HBZ have
each been implicated in the development of ATL as both proteins
stimulate T-cell proliferation, exhibit oncogenic properties in cell
culture models, and cause phenotypic effects in transgenic mice
that parallel certain clinical features of ATL (30, 31). However,
leukemic cells from patients with severe subtypes of ATL often
express only HBZ due to modification of the 5" LTR of the
HTLV-1 provirus that inactivates sense transcription or due to
mutations in the tax gene (32-36). Consequently, one model has
emerged in which Tax acts during early stages of infection to stim-
ulate the initial events required for the development of ATL, while
HBZ functions later in infection and plays a role in maintaining
the ATL phenotype (31).

In conjunction with the proposed sequential roles of each pro-
tein, certain lines of evidence suggest that sense transcription of
Tax and antisense transcription of HBZ may oppose one another.
Indeed, when HAM/TSP cells are cultured ex vivo, the level of Tax
mRNA peaks at 24 h and then rapidly declines, while the level of
HBZ mRNA is initially low and begins to increase only after 24 h
(37). In a rabbit infection model, temporal changes in Tax and
HBZ mRNA levels exhibit a similar divergent pattern (38). It is
possible that this apparent inverse pattern of Tax and HBZ expres-
sion is caused by transcriptional interference in which sense tran-
scription from the 5" LTR of the HTLV-1 provirus obstructs an-
tisense transcription from the 3" LTR and vice versa (3).

In this study, we designed a set of HTLV-based reporter plas-
mids containing reporter genes placed in opposite orientations
between the 5" and 3" LTRs. This system allowed us to analyze the
balance between sense and antisense transcription in cell popula-
tions as well as in single cells. Unexpectedly, we found that tran-
scription in one direction had no effect on the level of transcrip-
tion in the opposite direction, suggesting that transcriptional
interference does not occur between the HTLV-1 LTRs. We also
found that Tax did not influence the level of transcription from
the 3’ LTR and, strikingly, that Tax did not activate sense tran-
scription from the 5" LTR in all cells. Specifically, Tax was unable
to activate sense transcription in a subset of cells exhibiting con-
stitutive antisense transcription. These cells appeared to be ar-
rested in the G,/G; phase of the cell cycle, which may relate to the
ability of Tax to induce cell cycle arrest and senescence (23, 24).
Therefore, inhibition of Tax-mediated activation of sense tran-
scription due to the onset of cellular senescence may contribute to
the long-term survival of cells infected with latent virus.

MATERIALS AND METHODS

Plasmid constructs. The core dual-luciferase reporter plasmid pLuc
(Reni)-AsLuc(Fire) was constructed by amplifying by PCR the Renilla
luciferase gene from pRL-SV40 (where SV40 is simian virus 40) (Pro-
mega), cloning the product into Sacl/Kpnl of pUC19, and then amplify-
ing the firefly luciferase poly(A) cassette from pGL3-basic vector (Pro-
mega) and cloning the product into BamHI/Pstl. Promoters (HTLV-1
LTRs and cytomegalovirus [CMV] promoter) as well as the 3" polyade-
nylation signal were cloned into the EcoRI (sense 5’ promoters) or
HindIII site [antisense 3" promoters and poly(A) signal]. The HTLV-1
LTR was PCR amplified from pAsLuc(Fire)-HTLV-Luc(Reni) (2). The
CMV promoter and late SV40 polyadenylation signal sequence were am-
plified from pcDNA3.1 (Life Technologies). Plasmids constructed
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through permutations in this cloning approach included pHTLV-
Luc(Reni)-AsLuc(Fire)-HTLV, pHTLV-Luc(Reni)-AsLuc(Fire)-CMV,
pCMV-Luc(Reni)-AsLuc(Fire)-HTLV, pHTLV-Luc(Reni)-AsLuc(Fire)-
pPA (where pA indicates the polyadenylation signal), and pnull-Lu-
c(Reni)-AsLuc(Fire)-HTLV. Similar DsRed2-AsEGFP (where DsRed is
Discosoma sp. red fluorescent protein and EGFP is enhanced green fluo-
rescent protein) vectors were constructed by replacing the antisense firefly
luciferase and sense Renilla luciferase genes with EGFP and DsRed2, re-
spectively. The EGFP gene was PCR amplified from pEGFP-N1 (Clon-
tech), and the product was cloned into Ncol/Xbal. The DsRed2 gene was
amplified from pDsRed2-N1 (Clontech), and the product was cloned into
Nhel/Kpnl. The pSG-Tax and B-galactosidase expression vectors have
been described previously (2, 39). The plasmid pSG-Tax-His was pre-
pared by PCR amplification of the fax gene from pSG-Tax using a reverse
primer with a 6 XHis tag sequence. The product was cloned into EcoRI/
BamHI of pSG5 (Agilent). All constructs were sequenced and found to be
correct. All primers used in this study are available upon request.

Cell lines and transfection. HEK293T/17 (ATCC) and CEM cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-
Aldrich) and Iscove’s modified Dulbecco’s medium (IMDM; Sigma-Al-
drich), respectively. Media were supplemented with 10% fetal bovine se-
rum (FBS; Gemini Bio-Products), 100 U/ml penicillin, and 100 pg/ml
streptomycin (Life Technologies). CEM cells were electroporated as de-
scribed previously (2). Briefly, 5 X 10° cells were washed twice with se-
rum-free IMDM combined with 5 pg of B-galactosidase-expressing vec-
tor, 5 g of reporter plasmid, and 500 ng of either pSG-Tax or pcDNA3.1
and electroporated using a Gene Pulser Xcell (Bio-Rad). Jurkat cells were
electroporated in RPMI medium containing 10 mM dextrose and 0.1 mM
dithiothreitol (DTT) using the same amount of plasmid DNA as used
above for luciferase assays or 10 pg of reporter plasmid and 5 pg of pSG-
Tax or pcDNA3.1 for cell cycle analyses. HEK293T cells were transfected
using TurboFect reagent (Life Technologies) according to the manufac-
turer’s instructions. Briefly, 24 h prior to transfection, cells were plated at
5 X 10 cells/well in six-well plates for fluorescence-activated cell sorting
(FACS) analyses and for establishing clonal cell lines, at 1 X 10° cells/well
in 12-well plates for luciferase assays, or at 1.5 X 10 cells/150-cm? dish for
sorting experiments. For luciferase assays 400 ng of reporter plasmid, 500
ng of B-galactosidase-expressing vector, and 100 ng of either pSG-Tax or
pcDNA3.1 were used. For FACS analyses 1 pg of reporter plasmid and 100
ng of pSG-Tax or pcDNA3.1 were used. For sorting experiments 30 g of
reporter plasmid and 3 pg of pSG-Tax-His or pcDNA3.1 were used.
Clonal cell lines were established by cotransfecting HEK293T cells with 1
g of ApaLl-linearized pHTLV-Luc(Reni)-AsLuc(Fire)-HTLV or pLu-
c(Reni)-AsLuc(Fire) and 100 ng of Sspl-linearized pCMV-Hyg vector
(18) using TurboFect reagent. Cells were supplemented with 100 pg/ml of
hygromycin B (Invitrogen) at 72 h posttransfection. Hygromycin-resis-
tant colonies were later isolated, expanded, and tested for luciferase activ-
ity. To confirm the activities of wild-type Tax and the Tax mutant M22,
HEK293T cells were transfected with a pminLuc-viral CRE (vCRE-Luc)
(21) or pNF-kB-Luc (27) and pSG-Tax or pSG-M22 (39) plasmids.

Luciferase assays. HEK293T and CEM cells were lysed 48 h posttrans-
fection in 1X Passive Lysis Buffer (Promega); luciferase activities were mea-
sured using a TD-20/20 luminometer (Turner Design) and normalized to
B-galactosidase activity (2) and protein concentration (Pierce bicinchoninic
acid [BCA] protein assay kit), or activities were normalized to pRL-TK (Pro-
mega). Two-tailed Student’s ¢ tests were used to determine significant differ-
ences between sample sets, and differences were considered significant at a P
value of <0.01 and highly significant at a P value of <0.001.

Flow cytometry experiments. For cell cycle analyses, harvested cells
were washed in ice-cold phosphate-buffered saline (PBS) and then fixed
with PBS (137 mM NaCl, 2.7 mM KCl, 3 mM Na,HPO,, and 1.5 mM
KH,PO,)-2% paraformaldehyde (PFA) at 4°C for 30 m. Cells were then
washed in ice-cold PBS and incubated for 30 min in PBS-0.1% Triton
X-100-1 pg/ml 4',6'-diamidino-2-phenylindole (DAPI) in the dark.
Stained cells were analyzed for DNA content and EGFP/DsRed expression
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FIG 1 Schematic representation of dual-luciferase/dual-fluorescent reporter constructs. (A) The core pLuc(Reni)-AsLuc(Fire) plasmid contains genes for
Renilla luciferase and firefly luciferase that are translated from the sense and antisense transcripts, respectively, as indicated. Variations in the DNA regions
flanking the core are indicated. pA denotes the SV40 late polyadenylation signal. A polyadenylation signal for the sense transcript is located in the 3" LTR. (B)
Schematic representation of the bidirectional pHTLV-DsRed-AsEGFP-HTLV reporter construct.

using an LSR II flow cytometer (BD Biosciences). Flow]Jo (Tree Star, Inc.)
was used for population gating, and ModFit LT (Verity Software House)
was used to construct cell cycle profiles for each of the populations. For
other flow cytometry experiments, harvested cells were washed in PBS and
then resuspended in PBS—-5 mM EDTA prior to FACS acquisition and
analysis with FlowJo. Two-tailed Student’s f tests were used to determine
significant differences between sample sets, and differences were consid-
ered significant at a P value of <0.01 and highly significant at a P value
of <0.001.

PCR analysis of the reporter construct. Harvested HEK293T cells
were washed in ice-cold PBS-5 mM EDTA and sorted based on their
DsRed/EGFP expression profiles using a FACSVantage SE cell sorter (BD
Biosciences). DNA was purified from each cell population by phenol-
chloroform extraction and ethanol precipitation. Relative quantities of
the reporter construct in each population were determined by real-time
PCR amplification of a region of the plasmid DNA within the EGFP gene
and a region of genomic DNA within the CDK6 gene. DNA was amplified
using a CFX96 real-time PCR detection system (Bio-Rad), and data were
analyzed using Bio-Rad CFX Manager, version 3.1. Values were deter-
mined by the calculation 2(©PXe €T = EGFP €T iy which C,. denotes the
threshold cycle.

Western blot assays. Harvested HEK293T cells were washed in ice-
cold PBS-5 mM EDTA and sorted based on their DsRed/EGFP expression
profiles using a FACSVantage SE cell sorter (BD Biosciences). Approxi-
mately 5 X 10° sorted cells from each profile were lysed directly in SDS
loading dye and resolved by SDS-PAGE. Proteins were transferred to ni-
trocellulose membranes that were then probed with 6 XHis tag (ab9108;
Abcam), actin (MAB1501R; Chemicon International), cyclin B1 (D5C10;
Cell Signaling), and Skp2 (D3G5; Cell Signaling) antibodies. A superna-
tant from the Tax hybridoma line 168B17-46-92 (NIH AIDS Research and
Reference Reagent Program) was used for Western blot analysis of lucif-
erase assay lysates. Blots were developed using ECL 2 chemiluminescence
(Thermo Scientific Pierce) and scanned using a Typhoon 9410 (GE
Healthcare).

RESULTS

We were interested in determining whether transcriptional inter-
ference contributes to the relative outputs of HTLV-1 sense and
antisense transcription, based on the distinct kinetics of Tax and
HBZ expression observed previously (37, 38). For this analysis we
generated the pHTLV-Luc(Reni)-AsLuc(Fire)-HTLV dual pro-
moter/reporter plasmid, containing the Renilla and firefly lucifer-
ase genes in opposite orientations between the flanking LTRs (Fig.
1A). Specifically, the 5" LTR (sense transcription) controls expres-
sion of the Renilla luciferase gene, and the 3" LTR (antisense tran-
scription) controls expression of the firefly luciferase gene. In
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addition, we cloned the SV40 late polyadenylation signal imme-
diately downstream of the antisense-oriented firefly gene. This
modification was made based on the observation that hbz gene
transcripts terminate 1,450 nucleotides downstream of the HBZ
stop codon and, therefore, do not extend into the 5" LTR further
downstream (8). A similar modification was not required for
sense transcripts, which utilize polyadenylation signals located
within the 3’ LTR for termination (40). The size of the luciferase
construct encompassing the two LTRs and reporter genes is ap-
proximately 5 kb. Variants of the reporter system were also engi-
neered, in which either the 5’ or 3’ LTR was removed to eliminate
sense or antisense transcription, respectively, and/or one of the
LTRs was replaced with the CMV promoter to generate strong,
constitutive transcription. For the construct lacking the 3" LTR, a
polyadenylation signal was added for the sense transcript. In ad-
dition to the pHTLV-Luc(Reni)-AsLuc(Fire)-HTLV construct,
we generated a pHTLV-DsRed-AsEGFP-HTLV construct in
which the Renilla and firefly luciferase genes were replaced with
the DsRed and EGFP genes, respectively (Fig. 1B).

Antisense transcription from the 3’ LTR is unaffected by the
level of sense transcription. We first analyzed the effects of sense
and antisense transcription on one another in the absence of the
viral transactivator Tax, using the first set of constructs shown in
Fig. 1A. In HEK293T cells, we found that the level of transcription
from the 3" LTR was not affected by deletion of the 5" LTR, and
deletion of the 3" LTR caused only a slight reduction in basal
transcription from the 5" LTR (Fig. 2A and B). Considering that
deletion of either LTR failed to augment transcription from the
opposing LTR promoter, basal levels of transcription do not ap-
pear to lead to transcriptional interference. Consequently, we
tested whether the activity of each LTR promoter would be af-
fected by strong transcription from the opposite direction by in-
dividually replacing the LTRs with CMV promoter. As with the
LTR deletions these permutations did not drastically affect levels
of transcription from the 5" and 3’ LTR promoters (Fig. 2A and
B). Similar results were obtained using CEM T cells (Fig. 1C and
D); however, the ratio of antisense to sense transcription was sub-
stantially higher in these cells than in the HEK293T cells. To ad-
dress this variation, we performed the same experiments with Ju-
rkat T cells. These cells produced similar levels of antisense and
sense transcription, which led to a ratio of antisense to sense tran-
scription that was distinct from the ratios obtained using

April 2016 Volume 90 Number 7


http://jvi.asm.org

Permissive Transcription from the HTLV-1 LTRs

m

A. 293T C. CEM Jurkat
80 - sense *%k 6 - sense 12 - sense
2] z 51 z10 |
= i = =
g% i E
3 50 1 5 4 3 °]
S © S
3 40 - 3 3 S 6
2 ] 2 21 2 4
T 20 s ©
€ 10 ] € 1 ‘ 2 2
0 - 0 ~ 0 _
-~ LTRILTR LTRICMV LTR/- -~ LTRILTR LTRICMV LTR- -~ LTRLTR LTRICMV LTR/-
B. 293T D. cem F. Jurkat
10 4 antisense * _ antisense _ antisense
i 50 i 14 i
9 - |
z z 0 2 121
£ ¥ g 404 2 7
& 7 VV ® 35 - g 10 4
3 6 - / 8 30 - 3
g / g g 8 -
3 5- / i g 25 - 3
2 7 i g ]
3 4 / / / 5201 =
2 3 % / / 2 15 1 2 4
i / / / i 5
T 2 / / © 10 | ©
2 4
N .
0 2 2 7 2 04+e== 174 . . 0 : - : .
- LTRILTR CMVILTR -ILTR - LTRILTR CMVILTR -ILTR 4~ LTRILTR CMVILTR -ILTR

FIG 2 Sense and antisense transcription are unaffected by the transcriptional output from the opposite direction. Luciferase activities corresponding to sense and
antisense transcription are represented with solid and hatched bars, respectively. (A, C, and E) The graphs show a comparison of the relative luciferase activities
of sense transcription between the construct containing both LTRs (LTR/LTR), those in which the 5" or 3" LTR was replaced with the CMV promoter (CMV/LTR
or LTR/CMYV, respectively), and those with a deletion of the 5" (—/LTR) or 3" LTR (LTR/—) from HEK293T, CEM, and Jurkat cells as indicated. (B, D, and F)
The graphs show a comparison of the relative luciferase activities of antisense transcription between the construct containing both LTRs (LTR/LTR), those in
which the 5" or 3" LTR was replaced with the CMV promoter (CMV/LTR or LTR/CMYV, respectively), and those with a deletion of the 5" (—/LTR) or 3' LTR
(LTR/—) from HEK293T, CEM, and Jurkat cells as indicated. All graphs display mean luciferase activities relative to the 3-galactosidase internal control with
values normalized to luciferase activities from the reporter construct with a deletion of both LTRs (—/—; set to 1). Data from HEK293T, CEM, and Jurkat cells
are from six, four, and three independent experiments, respectively. Error bars denote standard deviations. Significant results as determined by Student’s # test

are indicated (*, P < 0.01; **, P < 0.001).

HEK293T and CEM cells (Fig. 1E and F). Therefore, antisense and
sense transcriptional output from the LTRs appears to vary among
cell lines. Despite these differences, the overall results again indi-
cate that the basal sense transcription from the 5" LTR and strong
sense transcription from a CMV promoter do not significantly
influence the level of antisense transcription from the 3’ LTR (and
vice versa).

Tax does not affect antisense transcription from the 3’ LTR.
We next examined whether Tax affects the level of antisense tran-
scription from the 3’ LTR either through transcriptional interfer-
ence caused by activation of sense transcription from the 5" LTR
or through a direct effect on the 3’ LTR promoter. Tax transacti-
vates viral sense transcription by forming complexes with a variety
of cellular transcriptional regulatory proteins at multiple Tax-re-
sponsive elements within the 5" LTR promoter (20). In addition,
results from some studies show that Tax enhances antisense tran-
scription from the 3’ LTR (41); however, this effect has not been
uniformly documented (2, 6). In HEK293T cells we found that
Tax induced a substantial increase in sense transcription from the
5" LTR promoter, as expected (Fig. 3A). Transcriptional activa-
tion by Tax was retained in the constructs lacking the 3’ LTR or
carrying the CMV promoter in place of the 3" LTR. Replacement
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of the 3" LTR with CMV promoter reduced the level of activation
in HEK293T cells but not in the other cell lines (Fig. 3C and E),
suggesting that the reduction is specific to the HEK293T cell line.
In contrast to the 5 LTR, Tax did not significantly alter the level of
basal antisense transcription from the 3" LTR in any of the three
construct variants (Fig. 3B). Identical experiments in CEM and
Jurkat T cells produced similar results (Fig. 3C to F), suggesting
that Tax does not affect the level of antisense transcription.
Given that HTLV-1 transcription occurs from an integrated
provirus, we also analyzed levels of sense and antisense transcrip-
tion from reporter constructs that were genomically integrated in
293T cells. Four clonal cell lines were analyzed that contained the
5" and 3" LTRs. For comparison, averaged results from eight
clonal cell lines containing reporter constructs with deletions of
both LTRs were used. In all four cell lines carrying constructs with
the 5" and 3" LTRs, Tax augmented sense transcription; however
the extent of activation as well as the level of basal sense transcrip-
tion varied among the cell lines (Fig. 4A). These differences may
reflect distinct integration sites and variable integrated reporter
construct copies among these cell lines. Levels of basal antisense
transcription also differed among the cell lines and paralleled the
variable pattern of basal sense transcription among these lines;
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FIG 3 Tax activates sense transcription without affecting the level of antisense transcription. Luciferase activities corresponding to sense and antisense
transcription are represented with solid and hatched bars, respectively. (A, C, and E) The graphs show relative luciferase activities corresponding to activation of
5" LTR-controlled sense transcription by Tax from constructs containing the 3" LTR (LTR/LTR) or the CMV promoter in place of the 3’ LTR (LTR/CMV) or with
awith adeletion ofthe 3’ LTR (LTR/—) in HEK293T, CEM, or Jurkat cells as indicated. Fold activation denotes the average Tax activation over basal transcription
levels. (B, D, and F) The graphs show relative luciferase activities corresponding to 3" LTR-controlled antisense transcription in the absence or presence of Tax
from constructs containing the 5" LTR (LTR/LTR) or the CMV promoter in place of the 5" LTR (CMV/LTR) or with a deletion of the 5" LTR (—/LTR) in
HEK293T, CEM, or Jurkat cells as indicated. All graphs display mean luciferase activities relative to the 3-galactosidase internal control with values normalized
to luciferase activities from the reporter construct with a deletion of both LTRs (—/—; set to 1). Data from HEK293T, CEM, and Jurkat cells are from six, four,
and three independent experiments, respectively. Error bars denote standard deviations. Significant results as determined by Student’s ¢ test are indicated (¥, P <

0.01; **, P < 0.001).

however, Tax did not significantly increase basal antisense tran-
scription (Fig. 4B). These results match those obtained using tran-
siently transfected reporter constructs in the prior analyses.
HTLV-1 antisense transcription is primarily expressed in the
absence of Tax. Given that the above results were derived from a
population of cells as a whole, we were also interested in analyzing
sense and antisense transcription in single cells. For this purpose,
we used pHTLV-DsRed2-AsEGFP-HTLV (Fig. 1B), which spans
approximately 4 kb from the 5" LTR to the 3" LTR and produces
DsRed from sense transcription and EGFP from antisense tran-
scription. This construct was transfected into HEK293T cells, and
expression of EGFP and DsRed was evaluated by FACS. In the
absence of Tax, almost 50% of cells expressed EGFP, while only
about 2% of cells expressed DsRed, which occurred only in cells
coexpressing EGFP (Fig. 5A, left panel). Tax expression led to a
specific increase in cells coexpressing EGFP and DsRed but not to
the formation of a cell population expressing DsRed alone (Fig. SA
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and B). This observation suggests that Tax-mediated activation of
viral sense transcription from the 5" LTR occurs in the context of
constitutively active antisense transcription. We confirmed that
the Tax protein was indeed present in the cell population coex-
pressing EGFP and DsRed and, interestingly, was also present in
the population expressing EGFP alone (Fig. 5C). Therefore, Tax
appears unable to induce significant sense transcription from the
5" LTR in the latter population. Quantitative PCR analysis showed
that all cell populations, including the one lacking both EGFP and
DsRed expression, carried the reporter construct (Fig. 5D). The
absence of expression of both EGFP and DsRed (the negative pop-
ulation) may arise through a transcriptional mechanism or dam-
age to the reporter plasmid that prevents expression of the fluo-
rescent proteins. We were unable to distinguish between these
possibilities due to technical challenges in amplifying the 4-kb
region of the plasmid encompassing the LTRs and the reporter
genes. An analysis of each fluorescent channel separately revealed
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FIG 4 Tax activates sense transcription but does not affect antisense transcription from chromosomally integrated 5" LTR/3’ LTR reporter constructs. Graphs on the
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that, while Tax expression led to an increase in the percentage of
cells expressing DsRed, it did not alter the percentage of cells ex-
pressing EGFP (Fig. 5E and F). This pattern is consistent with the
luciferase assay results, further indicating that Tax does not affect
antisense transcription from the 3" LTR.

Tax fails to activate sense transcription in cells arrested in
G,/G; phase. One explanation for the different populations re-
vealed by the single-cell analysis was possible cell cycle-mediated
regulation of HTLV-1 sense and antisense transcription. To test
this hypothesis, we compared the cell cycle profiles of the negative,
EGFP-positive, and EGFP/DsRed-positive populations in the ab-
sence and presence of Tax. As shown in Fig. 5A, only the negative
and EGFP-positive cell populations are present in the absence of
Tax, and we found that the G,/G,, S, and G,/M distributions of
cells in each population did not differ significantly (Fig. 6A and B).
In the presence of Tax, a similar pattern was observed in the negative
and EGFP/DsRed-positive populations (Fig. 6C and D). However,
the majority of cells expressing EGFP alone were shifted into G,/G, in
the presence of Tax (Fig. 6C and D). Using Jurkat T cells, we similarly
found that Tax expression also increased the proportion of cells in
G,/G, within the EGFP-alone population (Fig. 6E).

Given that these results are consistent with the ability of Tax to
induce cell cycle arrest and senescence (23, 24), we analyzed the
senescence markers, cyclin B1 and Skp2, in the sorted HEK293T
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cell populations. Following transfection with the Tax expression
plasmid, we detected Tax in cells expressing EGFP alone or DsRed
and EGFP but not in cells lacking expression of both fluorescent
proteins (Fig. 6F). Consistent with this pattern, cells with EGFP
alone or DsRed/EGFP exhibited a slight decrease in levels of Skp2
and cyclin B1 compared to cells lacking the fluorescent proteins.
However, no difference in the abundance of Skp2 and cyclin Bl
occurred between the population expressing EGFP alone and the
population expressing DsRed/EGFP (Fig. 6F). Therefore, the Tax-
mediated increase of cells in G,/G, within the EGFP-alone popu-
lation did not specifically correlate with a reduction in these se-
nescence markers. We attempted to analyze additional markers,
including p21 and p27, but were unable to detect these proteins in
the sorted cell populations (data not shown).

We also tested whether NF-kB activation by Tax in HEK293T
cells played a role in G,/G, phase accumulation of cells expressing
EGFP alone as this pathway has been shown to contribute to cel-
lular senescence (25). We specifically compared the effects of wild-
type Tax and the Tax mutant M22 on the cell cycle distribution of
the different fluorescent populations. M22 is defective for activa-
tion of NF-kB signaling but retains the ability to activate tran-
scription through CREB (42). Consistent with the previous re-
sults, wild-type Tax increased the number of cells in G,/G; in the
EGFP-only population (Fig. 7A and B). Interestingly, M22 pro-
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FIG 5 Tax fails to activate sense transcription in all cells. (A) Flow cytometry analysis of sense/antisense profiles of HEK293T cells cotransfected with the reporter
construct and pcDNA3.1 (left plot) or pSG-Tax (right plot). Plots show one representative experiment from four independent experiments. (B) The graph shows
mean cell percentages in each plot quadrant from the four independent experiments including those in panel A. Error bars denote standard deviations, and
significant results as determined by Student’s ¢ test are indicated (**, P < 0.001). (C) The Western blot shows Tax expression in HEK293T cells transfected with
the reporter construct and an empty vector (lane 1) or pSG-Tax-His (lanes 2, 3, and 4). The left panels show Tax and actin expression in unsorted cells. The right
panel shows Tax and actin expression in cells sorted as a function of EGFP or EGFP/DsRed expression. (D) The graph shows quantitative real-time PCR
amplification of DNA from cells transfected with pcDNA3.1 or pSG-Tax that were sorted as a function of their fluorescent signals. Values were normalized to
those of the fluorescence-negative population (set to 1). The graph shows data averaged from three independent experiments. (E) Plots show separate analyses
of antisense (EGFP) and sense (DsRed) transcription of the plots in panel A. (F) The graph shows mean cell percentages in each plot section from the four
independent experiments. Error bars denote the standard deviations, and significant results as determined by Student’s ¢ test are indicated (¥, P < 0.01; **, P <
0.001).

mechanism, Tax and HBZ may be simultaneously expressed from
asingle provirus at some point during infection. Such a possibility
was not apparent from an analysis of HAM/TSP cells cultured ex
vivo or from HTLV-1-infected rabbits as in both cases mRNA
levels of Tax and HBZ exhibited somewhat divergent patterns (37,
38). However, the abundance of these transcripts may not reflect
the outputs of HTLV-1 sense and antisense transcription in that
complex events occurring during infection and involving multiple
HTLV-1 genes likely influence the abundance of viral RNA (43—

duced the same effect (Fig. 7C). Using a luciferase assay, we con-
firmed that M22 was defective for NF-kB signaling in HEK293T
cells. Therefore, the shift to G,/G, appears to involve a mechanism
distinct from Tax-mediated NF-kB signaling. Considering that
Tax fails to activate sense transcription in these cells, it is possible
that cell cycle arrest suppresses activation of transcription from
the 5" LTR by Tax.

DISCUSSION

In this study, we found that HTLV-1 sense transcription from the
5" LTR and antisense transcription from the 3’ LTR occur concur-
rently and do not interfere with one another. According to this
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45). Furthermore, the cellular environment may influence viral
mRNA stability, which is supported by a substantial increase in the
stability of the Tax transcript following T-cell stimulation (46).
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pSG-Tax-His. Cells were sorted as a function of fluorescence.

Contrasting results have been obtained regarding the role of
Tax in the regulation of HTLV-1 antisense transcription. Specifi-
cally, Tax has not been shown to affect antisense transcription
from an HTLV-1 LTR lacking additional proviral sequence (2, 6);
however, it has been found to activate antisense transcription
from a proviral construct with a 5" deletion (41). These observa-
tions suggest that the ability of Tax to augment antisense tran-
scription involves a region of DNA located outside the 3" LTR.
Consistent with these observations, Tax did not regulate antisense
transcription in our system as our analysis was focused on the
interplay between sense and antisense transcription strictly medi-
ated by the 5" and 3’ LTRs, respectively. Any possible effect of Tax
on antisense transcription is unlikely to interfere with sense tran-
scription as strong antisense transcription driven by a CMV pro-
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moter in our system did not interfere with sense transcription
from the 5" LTR.

The fact that sense transcription did not interfere with anti-
sense transcription in our system suggests the importance of
maintaining expression of HBZ at times during the course of in-
fection when sense transcription and corresponding Tax expres-
sion are induced. For example, Tax is highly immunogenic, and
too much Tax expression may lead to elimination of infected cells
in the host. It is possible that HBZ counteracts this effect by bind-
ing to and sequestering cellular transcriptional regulators utilized
by Tax, thereby dampening Tax-mediated activation of sense
transcription from the 5" LTR (7, 21, 22). The importance of pre-
venting the accumulation of Tax is also illustrated by the function
of a separate viral protein, p30, which inhibits Tax protein expres-
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ng). The graph shows average luminescence values = standard deviations from one experiment performed in triplicate and is representative of three independent
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sion by sequestering Tax mRNA in the nucleus (47). In addition to
triggering an immune response, high Tax expression may hinder
the HTLV-1 infection by activating apoptosis. Indeed, despite its
ability to target multiple cell cycle regulators and stimulate prolif-
eration, Tax has also been shown to induce apoptosis in T cells
through activation of NF-kB signaling and the corresponding ac-
cumulation of reactive oxygen species (48, 49). Interestingly, HBZ
inhibits the classical NF-kB pathway (25-27), which may prevent
infected cells that express high levels of Tax from undergoing
apoptosis. In support of this hypothesis, recent studies have
shown that HBZ counteracts Tax-induced senescence of HeLa
cells, which also involves activation NF-«B signaling and the ac-
cumulation of reactive oxygen species (25). Considering that Tax
alone is able to immortalize primary T cells, albeit inefficiently
(50), it would be interesting to examine whether coexpression of
HBZ augments this process or possibly leads to T-cell transforma-
tion.
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Consistent with the ability of Tax to promote cell cycle arrest
and senescence in HeLa cells (23, 24), we identified a population
of Tax-expressing cells that appeared to be arrested in G,/G,
phase, and, interestingly, these cells lacked activated sense tran-
scription. This observation suggests that while Tax is able to di-
rectly transactivate sense transcription from the 5’ LTR, it may
also be capable of indirectly repressing this effect by promoting
cell cycle arrest and senescence. Multiple cellular transcription
factors are known to participate with Tax in activating sense tran-
scription, and it is possible that one or more of these are down-
regulated during cell cycle arrest, leading to the loss of activated
sense transcription. We explored this possibility by analyzing the
levels of CREB, CBP, p300, and p/CAF, which have established
roles in Tax-dependent transcriptional (20). However, we did not
observe noticeable differences in the abundances of any of these
proteins between the cell populations in which Tax activated and
failed to activate sense transcription (data not shown). This result
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does not rule out the possibility that another key regulator is
downregulated or that one of these proteins is modified and un-
able to participate in HTLV-1 sense transcription during cell cycle
arrest. Future studies will aim to address these issues.
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